The peptidoglycan from two types of filamentous cell division mutants of Agmenellum quadruplicatum strain BG1 has been compared to that of the parent organism. Small variations in the total peptidoglycan composition on a dry-weight basis were found in the mutants. The reduced level of peptidoglycan in the serpentine mutant is consistent with a general decrease in the ratio of surface area to volume as compared to the parent organism. The increased peptidoglycan content in the septate mutant confirms previous ultrastructural observations of the greatly enlarged peptidoglycan septum between adjacent cells. A comparison of peptidoglycan composition and cross-linking in the two types of filamentous mutants of A. quadruplicatum and in drug-induced phenocopies suggests that structural alterations of the peptidoglycan are not involved in the apparent impairments of cellular division. Furthermore, data concerning the relative susceptibilities of the parent and mutants to antibiotics indicate that neither mutant exhibits a gross alteration of permeability.
The peptidoglycan from two types of filamentous cell division mutants of Agmenellum quadruplicatum strain BG1 has been compared to that of the parent organism. Small variations in the total peptidoglycan composition on a dry-weight basis were found in the mutants. The reduced level of peptidoglycan in the serpentine mutant is consistent with a general decrease in the ratio of surface area to volume as compared to the parent organism. The increased peptidoglycan content in the septate mutant confirms previous ultrastructural observations of the greatly enlarged peptidoglycan septum between adjacent cells. A comparison of peptidoglycan composition and cross-linking in the two types of filamentous mutants of A. quadruplicatum and in drug-induced phenocopies suggests that structural alterations of the peptidoglycan are not involved in the apparent impairments of cellular division. Furthermore, data concerning the relative susceptibilities of the parent and mutants to antibiotics indicate that neither mutant exhibits a gross alteration of permeability.
Filamentous mutants impaired in cell division are readily isolated from unicellular bluegreen bacteria after treatment with nitrosoguanidine (10, 14) . These mutants are of two general types, serpentine and septate. Serpentine mutants have been isolated which divide sporadically and typically grow as coenocytic, multinucleoid filaments of variable length (10) . This property of forming multinucleoid filaments is also characteristic of Erwinia (6) and of Escherichia coli (1) when these organisms are grown under appropriate conditions. However, unlike these snakes, serpentine mutants of blue-green bacteria have been isolated which do not require any inducing agent (10) , and no conditions were found under which these mutants exhibited the nonfilamentous morphology of the parent.
Septate filamentous mutants have also been isolated from the unicellular blue-green bacterium Agmenellum quadruplicatum strain BG1 (9) . These organisms grow as chains of cells of normal size and morphology. An ultrastructural examination of the septate mutant, FM10, showed that it was impaired in the terminal stage of cell division. Cleavage of the mucopolymer septum occurred during the invagination of the outer wall layers (9) . This mutant resembles the envA mutants of E. coli recently described by Normark (15, 16) . Despite drastic morphological alteration, both the serpentine mutant (53S) and the septate mutant (FM10) grow at the same rate as the parent organism.
Phenocopies of the cell division mutants can be induced in the parent organism, A. quadruplicatum strain BG1, by using antibiotics (11) . Sublethal concentrations of penicillin G, which slightly inhibit growth, induce the formation of serpentine filaments. Similarly, sublethal concentrations of chloramphenicol induce the formation of septate filaments. Both forms can be propagated in the altered morphology by serial transfer in the presence of the inducing antibiotic, and both divide to produce normal cells upon removal of the antibiotic. Penicillin has been shown to induce serpentine forms in many other bacterial systems (8) .
Previc (18) has suggested that cellular morphology in bacteria may be controlled by the molecular architecture of the peptidoglycan. This suggestion is consistent with observations that inhibitors of peptidoglycan synthesis frequently induce the formation of serpentine fil-CELL DIVISION MUTATIONS IN A. QUADRUPLICATUM aments in gram-negative bacteria (20) . Moreover, induced serpentine forms of Erwinia (6) and E. coli (29) have been shown to contain less total mucopolymer than uninduced forms. However, detailed analyses of peptidoglycan structure in normal and rod mutants of E. coli failed to reveal any differences (21) .
Cell walls of blue-green bacteria are morphologically and chemically similar to those of gram-negative bacteria (5, 22) . Furthermore, cell division mutants and induced forms in both classes of organisms are phenotypically quite similar. It seemed of interest, therefore, to determine whether an alteration of cell wall peptidoglycan could be demonstrated in either of the two classes of filamentous mutants isolated from A. quadruplicatum or in phenocopies of these filamentous mutants, induced by antibiotics.
MATERIALS AND METHODS
Strains and culture conditions. A. quadruplicatum BG1 was originally isolated in axenic culture by C. Van Baalen (26) . Strain FM1O is a septate filamentous mutant, and strain 53S is a serpentine filamentous mutant isolated from strain BG1 after exposure to nitrosoguanidine (9, 10) . These organisms were grown at 39 C as described previously (10) .
Antibiotic susceptibility. Petri plates (100 mm) containing 15 ml of agarized medium (1% Difco agar) were spread with 107 cells each. Filter-paper discs (Difco, Dispens-o-discs) impregnated with various antibiotics were placed on the surface. Plates were immediately sealed with tape and placed beneath 25-w tungsten lamps. After 3 days of incubation, zones of clearing were measured from the center of the antibiotic disc (6-mm diameter). Cellular morphology was determined by light microscopy. Susceptibility to penicillin and to chloramphenicol was studied in liquid culture by measuring turbidity with a Lumitron colorimeter.
Susceptibility to sonic oscillation. Susceptibility to sonic oscillation was determined by treating suspensions of each organism (0.02 mg/ml, dry weight) for various periods of time with a Branson sonic oscillator (model 125; Branson Instruments, Danbury, Conn.) at an output of 1 amp. During sonic treatment, suspensions were chilled in an ice bath. Samples (2 ml) were removed and filtered through 0.22-,gm membrane filters (Millipore Corp.) after each period of oscillation. Relative cellular disruption was estimated by determining the absorbance of each filtrate at 280 nm, with a Beckman DU spectrophotometer against a media blank.
Isolation of peptidoglycan. Purified peptidoglycan was isolated by a modification of the method of Braun et al. (3) . After sonic treatment (5 min at 6 amp) with glass beads in 0.1% sodium dodecyl sulfate (SDS), unbroken cells were sedimented (3,000 x g for 5 min) in a Sorvall RC-2B centrifuge. The supernatant fraction containing crude wall and membrane was sedimented for 30 min at 12,000 x g. The pellet was resuspended in 0.1% SDS and added dropwise to boiling 4.0% SDS with vigorous agitation by a magnetic stirrer. The wall was again sedimented and re-extracted with hot 4.0% SDS. After sedimentation, the wall was washed once with distilled water and pelleted. Extracted wall was suspended in 0.1 M phosphate buffer (pH 7.5) containing 0.5 mg of Pronase (Calbiochem) per ml and incubated at 39 C for 12 hr. One drop of toluene per ml was added to retard bacterial growth. Digested wall was sedimented and again extracted with hot SDS. After several distilled water washes, the isolated purified peptidoglycan was greyish-white in color and appeared as empty wall fragments under phase-contrast microscopy.
Preparation of soluble peptidoglycan. Cell suspensions were heat-inactivated (70 C, 15 min) before harvesting by centrifugation. Inactivated cells were washed once with distilled water and once with 0.1 M phosphate buffer (pH 7.0) containing 0.2 mg of ethylenediaminetetraacetic acid (EDTA) per ml. The resulting pellet was resuspended to a density of 5 mg (dry weight)/ml in EDTA buffer. An equal volume of EDTA buffer containing 2 mg of egg-white lysozyme (Worthington, 3X) per ml was added, and the mixture was incubated at 35 C for 16 hr. Toluene (1 drop per ml) was also added to retard bacterial growth. Cell debris was discarded after centrifugation (15,000 x g for 1 hr), and the resulting supernatant fraction was saved for paper and Sephadex chromatography.
Estimation of total peptidoglycan. Total mucopolymer was estimated by measuring the amount of total amino sugar from whole cells after hydrolysis, by using the method of Boas (2) to eliminate interfering materials. Suspensions of strains BG1, FM10, and 53S, adjusted to contain 2.6 mg (dry weight) of cells, were centrifuged and washed once with distilled water. Cells were suspended in 2 ml of constant-boiling HCl and transferred quantitatively to 5-ml ampules. Samples were bubbled for 5 min with N2, sealed, and autoclaved. A Dowex-50 column was used to eliminate interfering materials, as described by Boas (2) . Total hexosamine was converted to total mucopolymer, assuming that the molar ratios of glucosamine-muramic acid-alanine-glutamic acid-diaminopimelic acid were 1:1:1.5: 1:1 (based on the results of the amino acid analyzer).
Gel filtration of soluble peptidoglycan. Lysozyme digestion products of heat-inactivated cells were initially purified on an Ecteola-cellulose column (25) . The purified digestion products, in 0.5 ml of water, were applied to a Sephadex G25 column (90 by 1 cm; VO = 21 ml, V0 + V1 = 48 ml; Pharmacia, Uppsala, Sweden), as described by Tipper and Strominger (25) . Fractions were analyzed for either total reducing sugar or total hexosamine.
Paper and thin-layer chromatography. Lysozyme digestion products were analyzed by using descending paper chromatography (Whatman no. 1) with butanol-acetic acid-water (4:1:5). Dried chromatograms were sprayed with ninhydrin and heated to speed color development. Digestion products Cl-C6 (19, 28) to antibiotics. Generally, the serpentine mutant (53S) is more susceptible to antibiotics thought to affect peptidoglycan synthesis (24) than either the septate mutant (FM10) or the parent (BG1). However, strain 53S does not exhibit greater susceptibility to other antibiotics. In fact, strain 53S appears slightly less susceptible to chlorotetracycline, tetracycline, and novobiocin than the parent or the septate mutant.
The pattern of susceptibility of strain FM10 to antibiotics is very similar to that of the parent. This mutant does not exhibit an increased resistance to any of the antibiotics tested. Strain FM10 is, however, more susceptible to growth inhibition by vancomycin than strain BG1, and more susceptible to novobiocin than either strains BG1 or 53S. All three strains are resistant to growth inhibition by nalidixic acid.
Previous studies (11) with the parent organism demonstrated that concentrations of penicillin G and of chloramphenicol which partially inhibit growth induce the formation of serpentine and septate filaments, respectively. These results were further confirmed by direct microscope examination of the cells adjacent to the zones of growth inhibition by penicillin G and chloramphenicol (Table 1) . Vancomycin was also very effective in the induction of serpentine forms (Fig. la) . Ampicillin, bacitracin, novobiocin, and cephalothin induced the formation of enlarged, swollen, spherical cells (Fig.  lb) . The remaining antibiotics had no significant effect upon gross cellular morphology.
The susceptibilities of the three strains to growth inhibition by penicillin G and by chloramphenicol were examined in liquid culture. Suspensions of log-phase cells were grown in the presence of various concentrations of chloramphenicol and of penicillin G. All strains were equally susceptible to growth inhibition by chloramphenicol, confirming the results obtained on plates with antibiotic discs. At a concentration of 40 ,ug/ml, growth was more than 90% inhibited by chloramphenicol after one doubling (3.5 hr). Strain 53S was more susceptible to growth inhibition by penicillin than either strain BG1 or strain FM10 (Fig. 2) . In liquid, strain 53S was about fivefold more susceptible than strain BG1. The susceptibility of strain FM10 to penicillin was identical to that of strain BG1.
Sensitivity to sonic oscillation. Leakage of cellular proteins into the surrounding medium after sonic treatment for increasing periods of time was measured as an indication of gross cellular fragility (Fig. 3) . The serpentine fila- mentous mutant 53S was approximately four times more sensitive to sonic oscillation, and the septate filamentous mutant was approximately twice as sensitive as the parent.
Peptidoglycan composition. Total peptidoglycan was estimated by measuring the amino sugar content of hydrolyzed whole cells ( Table  2 ). The septate filamentous mutant (FM 10) contains significantly more and the serpentine mutant (53S) significantly less peptidoglycan than the parent organism on a dry-weight basis.
Analyses of amino sugar content and total ninhydrin-positive material are presented in Table 3 . Total hexosamine (as glucosamine) and ninhydrin-positive material (as alanine) were determined initially, after extraction with boiling SDS and after SDS and Pronase treatment. Within experimental error, the ratios of hexosamine to total ninhydrin-positive material are identical in purified peptidoglycan from the three strains. SDS treatment removed the majority of the contaminating protein.
Thin-layer chromatography of hydrolyzed wall from all three strains revealed the presence of muramic acid, glucosamine, alanine, glutamic acid, and diaminopimelic acid in the same relative proportions. Paper and thinlayer chromatography of purified peptidoglycan after dinitrophenylation revealed the presence of only one dinitrophenyl (DNP) derivative, mono-DNP-diaminopimelic. This was identified by comparison with the DNP derivatives formed from diaminopimelic acid in the presence of excess DNP and in the presence of excess diaminopimelic acid. DNP-peptidoglycan hydrolysates always contained both free diaminopimelic acid and the mono-DNP derivative.
Purified peptidoglycan from the parent and from the serpentine mutant was examined with a Beckman amino acid analyzer after hydrolysis. The amino acid and amino sugar compositions of BG1 and 53S are very similar ( Table 4 ). The molar ratio of alanine-diaminopimelic-glutamic acid-glucosamine-muramic acid is 1.5:1: 1: 1: 1. This agrees well with the ratio of total hexosamine to ninhydrin-positive material, 2: 6. Analysis of lysozyme digestion products. Peptidoglycan was solubilized from heat-inactivated cells by incubation with lysozyme. Digestion products (Fig. 4) from the parent (BG1), from septate filaments of strain BG1 induced by chloramphenicol (16 mg/ml), from serpentine filaments of strain BG1 induced by penicillin (0.015 jig/ml), from strain FM 10, and from strain 53S were examined by paper chromatography and compared to those from E. coli B/r (grown in nutrient broth and prepared in an identical fashion). E. coli digest contained six ninhydrin-positive spots, corresponding well with the Cl through C6 fragments previously reported (19, 27, 28) . The C3 fragment was the most abundant in E. coli digests, whereas the C4 fragment was the major component from the solubilized peptidoglycan of A. quadruplicatum. The lysozyme digests of the parent, mutants, and induced forms of A. quadruplicatum appeared identical.
Lysozyme digestion products from strains BG1, FM10, 53S, and penicillin-induced filaments of strain BG1 were examined by using Sephadex G25 gel filtration as described above. Figure 5 shows (5, 22) . The peptidoglycan layer in the cell wall of blue-green bacteria (13) has been shown to correspond to the R layer (peptidoglycan) in gram-negative organisms (23) , and spheroplasts are readily produced in many blue-green bacteria by lysozyme digestion (4) .
Lysozyme digestion products of the peptidoglycan from E. coli contain primarily a dimeric wall fragment (C3) composed of two amino-sugar disaccharides covalently joined by a peptide bridge (28) . The lysozyme digestion products from A. quadruplicatum also contain a dimeric wall fragment as the major component, with a slightly greater chromatographic mobility than the major component from E. coli prepared in a similar fashion (Fig. 4) Some of our observations could be interpreted as suggesting cell wall alterations in the filamentous mutants-the increased fragility of both mutants to disruption by sonic treatment, the susceptibility of the serpentine mutant to growth inhibition by antibiotics thought to act on the cell wall (24) , and the induction of phenocopies by some of these same antibiotics. However, this evidence is highly indirect and could be interpreted in other ways. For example, a long filament could be more susceptible to breakage even if the wall structure were unaltered. Also, filaments can be induced by a variety of agents other than wall-active antibiotics (8) .
Our analytical data provide no evidence for gross alterations in the peptidoglycan structure in the filamentous mutants or in drug-induced phenocopies. Within experimental error, the ratios of hexosamines to ninhydrin-positive material in peptidoglycan isolated from the parent and mutant organisms were identical (Table 3) . Thin-layer chromatograms and amino-acid analyses of cell wall hydrolysates were identical for all three strains. Lysozyme degradation products were likewise indistinguishable by paper chromatography (Fig. 4) and gel filtration (Fig. 5) . Drug-induced phenocopies of both types of mutants also contained the same digestion products. It was possible, however, to alter the lysozyme digestion products of penicillin-treated cells, but only at growth-inhibitory concentrations which were five times greater than the optimal concentration for filament induction. Total peptidoglycan did vary, on a dry-weight basis, among the strains (Table 2) . However, these differences are probably understandable in terms of gross differences in morphology among the strains. The short parent cell or septate filament would require additional wall material (on a dry-weight basis), since these forms have larger surface-to-volume ratios than the serpentine form. Further, electron micrographs of the septate mutant and septate phenocopies show that the mucopolymer layer in the region of the septum is thicker than in the parent cell wall. The relative amounts of peptidoglycan in the three strains are consistent with these interpretations. Similar arguments may also apply to differences in the total amount of peptidoglycan in filamentous forms of E. coli (29) and Erwinia (6) .
It is, of course, still possible that changes in peptidoglycan structure are associated with the serpentine forms and that these alterations were not detected by our analytical methods.
